Chromogranins (Cg) and secretogranins (Sg) are acidic proteins localized in the secretory granules of a large variety of endocrine ceUs collectively named MUD cells (amine precursor uptake and decarboxylation). To examine the possible function of CglSg as amine storage proteins, enteroendocrine cells of the rat gastric antral mucosa, i.e., serotonincontaining enterochromaffin (EC)-cells, gastrin (G)-, and somatostatin (D)-ceUs, were investigated immunohistochemi d l y in serial semi-thin sections of controls and after intervention in serotonin synthesis. CgA and CgB immunoreactivity was determined semiquantitatively by optical density measurements. Experiments included inhibition of serotonin synthesis by p-chlorophenylalanine (pCPA), exogenous application of the serotonin precursor 5-hydroxytryptophan (5-HTP), and a combination of both treatments. The cellular distribution of Cg and the density of its immunoreactivity were closely related to the primary content of seroto-
Introduction
Enteroendocrine cells are members of a cell family alternatively designated as the dlffuse neuroendocrine system (DNES) (33) or paraneurons (11) . These cells share certain cytological, cytochemical, and functional properties (reviewed in 12,31). Typically, they show a "primary" content of biogenic amines (e.g., serotonin or histamine) or they store amines such as serotonin and dopamine after exogenous application of corresponding precursors [ 5-hydroxytryptophan (5-HTP); dihydroxyphenylalanine, (DOPA)]. Therefore, the DNES initially had been classified as APUD cell series (amine precursor uptake and decarboxylation) (34). With respect to this APUD classification two main points remain controversial: (a) whether these cells, although diverse in their peptide content, represent a common cell type with respect to their amine handling properties, and (b) which constituents of their secretory granules could function as binding sites for amines. Newly discovered candidates for this latter function are represented by a group of large ' Supported by Deutsche Forschungsgemeinschaft (SFB 280).
Correspondence to: Dietrich Grube, Abteilung Anatomie 1 der MHH, Postfach 610180, W-3000 Hannover 61, FRG. nin and the ability to store serotonin after 5-HTP application. Thus, Cg may act as amine-binding proteins in enteroendoaine ells, binding most probably being due to ionic interactions between Cg and the biogenic amines. EC-and G-cells, however, differed in their amine-handling properties and in the response of their Cg immunoreactivity after intervention in serotonin synthesis. We condude, therefore, that the physiological function of Cg as amine storage proteins is restricted to endocrine cells with an endogenous content of amines. In other endocrine cells, exhibiting only a potential amine production, APUD may be considered as a kind of supravital staining without physiological significance. (J Hisrochem Cytochem 40:1147-1155, 1992) KEY WORDS: APUD; Biogenic monoamines; p-Chlorophenylalanine; ChromograninsISecretogranins; 5-Hydroxytryptophan; Immunohistochemistry; Quantification; Serotonin. acidic proteins, the chromogranins and secretogranins. Representative members of this class of proteins include chromogranin A (CgA), chromogranin B (CgB), and secretogranin I1 (Sg 11) , which have been localized in a large variety of neuroendocrine or APUD cells (for review see 49).
Based on preliminary findings obtained from enteroendocrine cells (2,14,18), the present investigation was aimed at examining more closely the possible function of CglSg as amine storage proteins in enteroendocrine cells. The study was performed in the rat, a species whose serotonin metabolism in enteroendocrine cells has already been investigated (10,15,40,41). The present experiments included exogenous application of 5-HTP, inhibition of serotonin synthesis by p-chlorophenylalanine (pCPA) (23), and application of 5-HTP after treatment of animals with pCPA. Immunocytochemical determination of serotonin, peptide hormones, and Cg/Sg was performed in the pyloric mucosa of the stomach known to contain serotonin (EC)-, gastrin (G)-, and somatostatin (D)-cells (for nomenclature of enteroendocrine cells see 43,44). Use of serial semi-thin sections, sequentially immunostained for the various antigens, enabled the qualitative and semiquantitative analysis of substances co-localized to the same cells.
Our findings indicate that CgA or CgB may function as amine storage proteins in enteroendocrine cells. In addition, Cg im-munoreactivities and APUD characteristics are demonstrated to be heterogeneous in different enteroendocrine cell types.
Materials and Methods
Anirmls and Experiments. The investigations were performed in adult male Wistar rats (100-200 g) divided into four experimental groups. Group A comprised control animals (n = 4) which remained untreated or were injected with the respective solvents (see below). The animals of Group B (n = 7) were injected with a single dase ofDL5-hydroxytryptophan (5-HTP; Scrva, Heidelberg, Germany), 100 mg/kg in 0.01 N HCI). They were sacrificed 30, 90, or 180 min after the injection. The animals of Group C (n = 2) were injected with DLpara-chlorophenylalanine-methylester-HCl (pCPA; Sem), 250 mglkg in distilled water, for 6 days. These animals were sacrificed 24 hr after the last injection. Group D comprised animals (n = 7) that first received pCPA (as in group C) and were subsequently ad- Tissue Preparation. The animals were sacrificed by cervical dislocation. Small specimens from the pyloric mucosa were snap-frozen in liquid propane pre-cooled with liquid nitrogen, freeze-dried, and fixed by vaporphascp-formaldehyde (8). After a short immersion in propylene oxide, the specimens were embedded in epoxy resin (Araldite). Serial semi-thin sections were cut at 0.5 pm on an ultramicrotome Ultracut (Leica; Nussloch, Germany) and collected individually on microscope slides (for details see 20).
Antisera. The polyclonal antisera used, which were raised in rabbits, have been described previously. They included anti-serotonin (5-hydroxytryptamine. 5-HT Euro Diagnostics, Apeldoom, The Netherlands) (4). antigastrin (W. Schlegel, university of Munster, Germany) (4), anti-somatostatin (H. Etzrodt, University of Ulm, Germany) (7.17). and anti-rat CgA, CgB, and Sg I1 (H. WinMer, University of Innsbruck, Austria) (21.37). Depending on their actual titers, the antisera were used in dilutions between 1:1000 and 1:10,000.
Immunocytoch~try. The sections were immunostained using the peroxidase-anti-peroxidase (PAP) technique (46) as modified and standardized for application on semi-thin plastic sections (20). Briefly, after removal of the resin by sodium methoxide, the sections were incubated in 2% nonimmune swine serum and then in the appropriately diluted first antisera (4'C, 24 hr). Swine anti-rabbit IgG (Dakopatts; Hamburg, Germany), 1:20, 30 min served as second layer, and soluble PAP complexes (Dakopatts) 1:50, 30 min as the third layer of the protocol. Peroxidase activity was demonstrated by a solution containing 0.7 mM diaminobenzidine and 0.002% Hz02 in Xis-HC1 buffer, pH 7.6 (30 min). PBS (0.2 M, pH 7.3) served as diluent for the antisera and as rinsing solution between the various steps of the protocol. For dilution of the CglSg antisera, this buffer was replaced by 0.05 M Bis-HC1 buffer, pH 7.6, which has previously been shown to increase the efficiency of immunostaining for Cg/Sg (21). The serial sections were immunostained sequentially for 5-HT, peptide hormones, and CglSg. Since about 10-20 semi-thin sections pass through each individual cell, Cg/Sg immunoreactivity could be unequivocally attributed to endocrine cells identified in adjacent sections by their hormone content. The sections were mounted without counterstaining and were examined in a microscope Orthoplan (Leitz; Wetzlar, Germany) by brightfield illumination, phase-contrast, or interference-contrast optics.
Specificity controls to exclude methodological or antibody nonspecificities were performed as detailed elsewhere (4,21). Immunoreactivities for 5-HT, peptide hormones, and CglSg were confirmed in appropriate control sections.
Quantitative Immunocytochemistry. The immunoreactivity of endocrine cells in immunoperoxidase-stained semi-thin sections was quantitated by computer-assisted analyses. The principles of the present method, which has been successfully applied already in studies on pancreatic endocrine cells (5.19) . have been published previously (20) . Briefly, semi-thin sections were immunostained by a standardized immunocytochemical protocol using highly diluted first antisera. Under these conditions the density of immunoreactivity exhibits a stoichiometric relationship to the respective quantity of the corresponding antigen (46). Quantitative determinations were performed with the Interactive Image Analysis System IBAS (Zciss-Konuon; Munich, Germany) equipped with a Photomicroscope I1 (Zciss; Oberkochen,
Germany) and a CCD/89D video camera (Sony; Tokyo, Japan). Before measuring the density of the different immunoreactivities. the system was calibrated by adjusting the amount of light transmitted through the section (detected by the scanner) to a constant gray value of 170 (gray value range: 0 equals "black' to 255 equals "white"). This pre-set illumination value was stored by a light control unit (LCU 2; Konuon). The images of cells to be measured were entered into the system, displayed on a monitor at a final magnification of 1:1600, and processed by a densitometric measuring program (macro "densbar"; developed in cooperation with the supplier). Individual cells were measured by outlining the immunoreactive areas with a light pen ("boundary setting"). Gray values of immunoreactivities were.given as differential histograms in arbitrary units (see Figure 1 ) or as optical densities (see Figure 7) . After preliminary studies (appropriate dilutions of the first antisera), at least 40 EC-cells and 40 G-cells in each experimental group were densitomeuically analyzed for their CgA and CgB immunoreactivity. Corresponding mean values were computed automatically; significant differences were determined by Student's t-test.
Results
The antisera against serotonin, gastrin, and somatostatin immunestained the corresponding endocrine cells, i.e., enterochromaffin (EC)-, gastrin (G)-, and somatostatin (D)-cells in the pyloric mucosa of control animals (Figures la-lc). According to semiquantitative numerical determinations, G-cells were found to be the most frequent endocrine cells, followed by EC-cells, whereas D-cells were relatively rare. The majority of endocrine cells were localized in the lower part of the pyloric glands with only some EC-cells occurring in the upper parts of the mucosa as well. In addition to EC-cells, anti-serotonin immunostained mast cells (known to contain 5-HT in murines); these were mainly localized in the submucosal layer but were also found in the lamina propria of the mucosa.
The antiserum against CgA exclusively immunostained cells in the epithelial lining of the mucous membrane. In adjacent sections, these cells were identified as being either EC-, G-, or (very rarely) D-cells (Figure la-Id). Only exceptionally was CgA immunoreactivity localized in endocrine cells that could not be identified hormonally by the antisera used (D1-cells, P-cells? See 4,44). CgA-immunoreactive endocrine cells also showed concomitant immunoreactivity for CgB or Sg 11. However, every cell type exhibited a relatively characteristic staining pattern.
All EC-cells usually displayed high-density CgA immunoreactivity (Figures la, Id, le, and 7a). The majority of EC-cells simultaneously showed a moderate immunostaining for CgB ( Figure 7b ), but only some of them were even weakly immunoreactive for Sg 11. Most of the G-cells showed a similar pattern of Cg/Sg immunostaining. Their staining densities, however, were moderate or weak ( for CglSg, except for a few cells that showed a weak immunostaining for CgA (Figures IC, Id, and Ig). Since Sg I1 was restricted to only a small number of cells, this parameter was not investigated further.
fiogenous
In animals administered 5-HTP (and investigated at different intervals after the injection), many pyloric epithelial cells exhibited Of >-Hp serotonin immunoreactivity. The number of 5-HT immunoreactive cells increased within 3 hr after the application of 5-HTP. At this time, the individual endocrine cell types showed the following pattern of immunoreactivities.
EC-cells, which were identified by their relative frequency, their relatively dense CgA immunoreactivity, and their lack of gastrin or somatostatin, exhibited dense 5-HT immunostaining ( Figure  2a) . Simultaneously, the density of their CgA immunoreactivity decreased sharply, whereas that of CgB was unaltered. In any case, this immunoreactivity was more dense than the corresponding immunoreactivity in G-cells (Figures 2d and 7) .
All G-cells were immunoreactive for 5-HT. with intercellular differences in the density of staining (Figures 2a, 2b, 3a, and 3c ). The density of CgA immunoreactivity showed a slight decrease, whereas that of CgB staining exhibited a slight increase ( Figure  7) . Rarely, we found poorly granulated gastrin-immunoreactive cells that were positive for serotonin but negative for CgA or CgB (Fig  ure 3) .
Most D-cells failed to immunostain for 5-HT after the application of 5-HTP. Occasionally these cells showed weak labeling for 5-HT. This could be observed only in D-cells that were also weakly immunoreactive for CgA (Figures 2a, 2c, and 2d ).
Inhibition of Serotonin Synthesis by pCPA
Confirming previous findings (15) , EC-cells lack any serotonin content after the administration of 250 mglkg pCPA over a period of 6 days. Therefore, no 5-HT-immunoreactive cells were present in the epithelium. However, mast cells remained 5-HT immunoreactive (cf. 15 ).
The lack of 5-HT in EC-cells (identified by the aforementioned parameters) was paralleled by the increased density of their immunoreactivity for CgA and CgB (Figures 4b and 7 ). On the contrary, G-cells exhibited decreased density of CgA immunoreactivity (Figure 4b, 4c , and 7a), whereas CgB staining remained unchanged (Figure 7b ).
With regard to their immunohistochemical characteristics, D-cells were obviously not affected by pCPA treatment.
AppZication of 5-HTP Afieer Treatment with pCPA
Again, this experiment revealed differences between EC-and G-cells with respect to their Cg immunoreactivity or their amine-handling properties. After pCPA treatment and 30 min after administration of 5-HTP, only a few epithelial cells showed 5-HT immunoreactivity ( Figures Sa and 5b ). Per emhionem (see above), these cells were identified as EC-cells. At this interval, G-cells lacked any 5-HT content (Figures 5a and 5c ). Sixty min later the number of 5-HTcontaining cells increased. Many EC-cells were now moderately immunoreactive for serotonin (Figures 6a and 6b ). Other epithelial cells with moderate or weak immunostaining for 5-HT were identified as G-cells (Figures 6a and 6c) . In EC-cells the density of Cg immunoreactivity was similar to that after exclusive treatment with pCPA ( Figure 7) . Likewise, in G-cells immunostaining for CgA and CgB resembled that after pCPA (Figure 7) .
In animals pre-treated with pCPA the secondary content of 5-HT in enteroendocrine cells was restricted to a limited time interval: 3 hr after application of 5-HTP, all G-cells and most of the ECcells were devoid of 5-HT.
Discussion
In the present study, three enteroendocrine cell types, i.e., serotonincontaining enterochromaffin (EC)-, gastrin (G)-, and somatostatin (D)-cells, were investigated as a model for the amine-handling characteristics and for the possible chemical mechanisms of amine storage in APUD cells. The methods applied (sequential immunostaining of serial semi-thin sections; quantitative immunocytochemistry) and the experimental design (application of 5-HTP; inhibition of serotonin synthesis by pCPA) demonstrated that (a) enteroendocrine cells do not represent a single cell type with respect to serotonin metabolism, and (b) their corresponding heterogeneity most probably is related to differences in the cellular localization (and particular function) of the chromogranins.
Amines and APUD in Enteroendocrine Cells
Within the framework of the initial APUD cell concept (34), the actual or potential amine production of endocrine cells was considered to be a distinctive feature of all APUD cells. The presumed functions of amines in these cells included modulating effects on synthesis, storage, and release of resident peptide hormones (29).
In agreement with earlier observations demonstrating the lack of a secondary content of amines in some APUD cells (15.24, 29,41,42) , it could be shown that of the enteroendocrine cells presently studied, D-cells usually lacked the ability to synthesize 5-HT. In this respect, D-cells clearly differed from G-cells, all of which showed secondary content of 5-HT, and from EC-cells, which exhibited increased serotonin immunoreactivity after 5-HTP application. This latter finding contradicts recently published data (10) but is in line with previous autoradiographic study results (9, 42) . Figure 1 . In each experimental group, optical densities were measured in at least 40 cells of either cell type. 5HTR application of the serotonin precursor 5-hydroxytryptophan (100 mg/kg; 180 min before sacrifice); pCPA, inhibition of serotonin synthesis by p-chlorophenylalanine (six daily injections of 250 mg/kg); pCPA + 5-HTP; inhibition of serotonin synthesis by pCPA and subsequent application of 5-HTR 90 min before sacrifice. In ECcells. optical densities for CgA, and less pronounced also for CgB, were inversely related to their actual serotonin content. In Gcells, immunoreactivity for CgA and CgB was normally less dense than in EC-cells and showed only minor differences in density under experimental conditions. Bars represent mean values (k SD). Significant differences compared with the corresponding controls are indicated with w 0 . 0 5 ) and ** @<0.01); Student's t-test.
Indeed, after experimental depletion of 5-HT by pCPA and subsequent administration of exogenous 5-HTP, EC-and G-cells differed in their serotonin content: serotonin was localized mainly in EC-cells, whereas G-cells showed only less dense 5-HT immunoreactivity. Therefore, EC-cells are seemingly more efficient in storing 5-HT than are G-cells (cf. 9,15,41) .
Interestingly, EC-and G-cells differ also in their handling of DOPA, the precursor of dopamine (DA). In guinea pigs, gastric EC-cells, in contrast to G-cells. lack a secondary content of DA after DOPA application (18) . Similar differences between EC-and G-cells were observed in rats when DOPA application was preceded by pCPA treatment (15) .
In conclusion, the data available favor the assumption that enteroendocrine cells are diverse in their amine-handling properties. This diversity is present, albeit with interspecies differences (22,39,42) , not only in the basic characteristics of APUD (secondary content of amines) but also in the type of amine precursor (5-HTP, DOPA) considered. Therefore, APUD needs a subtle evaluation.
Amine Storage and Chromogranins in Enteroendocrine Cells
Since Cg were identified as constituents of secretory granules in many neuroendocrine cells, one ofthe functions attributed to them has been the ability to act as amine storage proteins (12,26,31,38,50) . In adrenal medullary cells this function seemed doubtful (52), although some findings favored amine binding properties of Cg (14,18,28,48 ). It has been suggested that ionic interactions between the carboxyl groups of Cg and the amino groups of the biogenic amines are responsible for their binding properties (30). In the present study, the coincident presence of Cg with the actual or potential 5-HT content in EC-and G-cells and their common absence from the great majority of D-cells indicated a role of Cg as amine storage proteins in enteroendocrine cells. Further support for this hypothesis is found in the observation that experimentally induced changes of the 5-HT content in EC-and G-cells were paralleled by changes of their Cg immunoreactivity, although these latter changes varied for CgA and CgB in each cell type.
In EC-cells, the density of CgA immunoreactivity decreased dramatically after 5-HTP application and increased (beyond control values) after depletion of 5-HT by pCPA. As is generally accepted for most immunocytochemical stainings (46), the density of Cg immunoreactivity may reflect the actual amount of Cg. From circumstantial evidence, however, it seems more likely that the varying density of CgA and its negative correlation with the respective 5-HT content is due to "masking" effects of 5-HT we assume that the accessibility of epitopes in the CgA molecule depends on the quantity of bound 5-HT. Thus, increasing amounts of bound 5-HT will lead to steric hindrance, resulting in diminished CgA immunoreactivity, and vice versa. Corresponding mechanisms could explain the increased density of CgB immunoreactivity in EC-cells after 5-HT depletion, although this immunoreactivity was not influenced by 5-HTP application. In further studies, the presumed masking of Cg epitopes by co-stored amines should be examined by dot-blot analysis.
In G-cells, Cg immunoreactivities were consistently less dense than in EC-cells, and their changes under experimental conditions were less striking and could not be interpreted in the same manner. This does not argue against the basic significance of Cg as potential amine storage proteins. Rather, it points to different metabolic fates of exogenously applied amine precursors, and thus to a different organization of secretory granules in G-cells. Other possible reasons for these differences are represented by: interference of Cg with gastrin metabolism (18), which in turn is influenced by 5-HTP (25); interference of Cg with pCPA which-analogous to non-substituted phenylalanine (25)-is taken up and stored by G-cells (15) ; and yet unidentified effects of 5-HTP or pCPA on Cg metabolism itself.
Notwithstanding the major importance of Cg for the actual or potential amine storage, the presence of these proteins in enteroendocrine cells cannot be construed as a definite sine qua non for their secondary content of amines. Very rarely, G-cells without any Cg immunoreactivities showed a secondary content of 5-HT (Figure 3 ). In these cells, obviously, other appropriately charged molecules within secretory granules are able to bind amines, e.g., gastrin precursor proteins (35), ATP (for discussion see 30), or glycosaminoglycans (12) . The latter proteins bind amines physiologically in mast cells. Finally, other proteoglycans and glycoproteins may be responsible for the potential binding of amines observed in some exocrine cells after exogenous application of amine precursor substances (1, 3, 15, 36) .
Concluding Remarks
Summing up, the present findings strongly argue in favor of a significant role of Cg in the storage of amines in enteroendocrine cells. In cells with an endogenous amine content (such as EC-cells), this function of Cg is most likely of physiological importance. However, whether the potential amine storage in other enteroendocrine cells (such as G-cells) or APUD in general indeed represents a physiological property, as assumed by other authors (32,34,47), remains unanswered. Concerning this point, we refer to the opinion outlined previously (14) (15) (16) 18 ) that APUD is a kind of supravital staining-albeit with a "physiological" ligand-merely indicating the presence of anionic molecules (e.g., Cg) in secretory granules of endocrine cells. Hence, in endocrine cells lacking a primary content of amines, we consider that APUD represents the same chemical mechanisms and has the same significance as other histochemical methods used to empirically stain neuroendocrine cells. These methods are masked metachromasia (45), argyrophilia (13) , and supravital staining by neutral red (51) or quinacrine (6) . There is increasing evidence that these positive reactions are also related to the presence of Cg in endocrine cells (14, 26, 27, 31, 38) .
